It is not uncommon to observe shear fractures in ductile rocks oriented at more than 45° with respect to the maximum compression direction. Since these orientations cannot be explained with the classic Mohr-Coulumb or Tresca yield criteria, Zheng et al. (Journal of Structural Geology, 35: 1394 -1405 proposed the maximum effective moment (MEM) failure criterion. This rule suggests that shear fractures in ductile rocks form at 55° with the maximum compression axis and that this orientation is material-independent and, therefore, universal. Zheng et al. (Science China: Earth Sciences, 57(11): 2819 -2824 , 2014 used data from our own experiments as supporting evidence of their failure criterion. In this contribution we discuss why shear fracture formation in ductile rocks indeed strongly depends on the mechanical properties of the deforming medium, and why experimental data should not be taken to prove the validity of the MEM criterion. The formation mechanisms and orientations of shear fractures in our experiments significantly vary depending on the material strength and degree and type of anisotropy (composite and intrinsic). We therefore demonstrate using experimental data that a universal failure angle in ductile and anisotropic rocks does not apply. Additionally, we highlight some inconsistencies of the MEM criterion.
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Gomez-Rivas E, Griera A. 2015 . On the material dependence of experimental shear fracture orientation. Science China: Earth Sciences, 58: 2357 Sciences, 58: -2362 Sciences, 58: , doi: 10.1007 Failure criteria are used to predict the conditions under which solid materials, such as rocks, fail when they are subjected to an external load. The onset and orientation of shear fractures in isotropic rocks is typically predicted with the Mohr-Coulomb failure criterion, which is represented by an envelope in a plot of material shear strength against applied normal stress (e.g. Jaeger and Cook, 1979) . This criterion considers that the angle between the shear fracture plane and the principal compressive stress ( 1 ) actually depends on the material as well as on the stress state (and consequently on the confining pressure), since the failure envelope in shear stress vs normal stress space is a material property. This angle becomes higher with increasing confining pressure, and can reach up to 45° when the rock starts to behave plastically. Fractures can form at this orientation once the plastic yield stress has been reached, and then follow the Tresca, or maximum shear stress orientation, yield criterion (Twiss and Moores, 1992) . At this point yielding becomes independent of the differential stress. A fundamental problem of these criteria is that they are unable to predict fractures oriented at more than 45° with respect to  1 , such as for example low-angle normal faults and highangle reverse faults (see Zheng et al., 2011 and GomezRivas and Griera, 2012 and references therein) . These types of fractures are not uncommon in isotropic or anisotropic rocks that are deformed in dominant ductile conditions, and therefore a failure criterion to describe their onset is lacking.
For that reason, Zheng et al. (2004 Zheng et al. ( , 2011 Zheng et al. ( , 2012 proposed the "maximum-effective-moment" (MEM) failure criterion. The main implication of this criterion is that the angle between shear fractures and the maximum compression stress ( 1 ) has a constant value of 55°, and it is material-independent. Recently, Zheng et al. (2014) have published in this journal a manuscript titled "Interpretation of the experimental data provided by Gomez-Rivas and Griera (2012) in terms of the MEM-criterion". These authors used the experimental data published in Gomez-Rivas and Griera (2012) to support their failure criterion, because the angles at which shear fractures nucleate in these experiments fit their predictions. Their contribution does not criticise or question our experimental results, but attempts to provide an alternative interpretation of our models. One of the main findings of the experiments published in Gomez-Rivas and Griera (2012) is the development of large angles between conjugate shear fracture sets and  1 in anisotropic materials. For simplicity, here we use the term shear fracture to refer to both shear fractures and shear bands. In this contribution, we refrain from discussing the theory underlying the definition of the MEM criterion (see Tong, 2012) , but instead we prove that our experiments should not be taken as supporting evidence for the MEM theory. The ~55° average angle between shear fractures and  1 in our models is a mere coincidence for the specific configuration, material and strain rate we used. The attempt of applying the MEM criterion to experimental data points out some of its inconsistencies, which we briefly discuss. We show that the orientation of shear fractures actually depends on the mechanical properties of the deforming materials, and therefore a material-independent criterion is not applicable.
Fracture formation angles and nucleation mechanisms
The results of Gomez-Rivas and Griera (2012) summarise part of the experiments presented in the PhD thesis of Gomez-Rivas (2008) , which was also taken by Zheng et al. (2011) as supporting evidence for their criterion. This thesis reports three series of experiments of coaxially-deformed anisotropic plasticine multilayers, among other field and numerical studies:
(1) A series using a mixture of OCLU-PLAST plasticine, vaseline and paper flakes deformed at the same strain rate, but systematically varying the layering/anisotropy orientation with respect to the extension axis X from 0 to 40. These experiments are discussed in Gomez-Rivas and Griera (2009 Griera ( , 2012 and only include models with composite plus intrinsic anisotropy.
(2) A series using pure OCLU-PLAST plasticine deformed at three different strain rates. These experiments are discussed in Gomez-Rivas and and only include models with composite anisotropy.
(3) A series using different plasticine mixtures (of the trademarks OCLU-PLAST and JOVI) deformed at the same strain rate. These experiments are discussed in Gomez-Rivas et al. (2015) and include models with either composite or composite plus intrinsic anisotropy.
These series of experiments were used to analyse fracture/ shear band formation and evolution in materials with different degrees and types of anisotropy deformed in dominant ductile conditions. Zheng et al. (2014) only considered the data that fit their MEM theory (our series 1), and ignored the two other series of experiments (2 and 3) where fracture formation angles do not fit the MEM fracture criterion.
The first problem of using the MEM criterion to explain experimental data is that it assumes that all fractures nucleate at 55° from  1 . However, the formation of shear fractures or shear bands in the experiments is much more complex than this. As explained in Gomez-Rivas (2008), GomezRivas and Griera (2011, 2012) and Gomez-Rivas et al. (2015) , shear fractures form by different mechanisms in the experiments: (a) nucleation from structures such as pinchand-swell or boudinage (e.g., Schmalholz et al., 2008) ; (b) by collapse or propagation of one tension crack or void; (c) by propagation, collapse and coalescence of two or more tension cracks and/or voids (e.g., Bons et al., 2008) , (d) by direct nucleation from local heterogeneities without the influence of pre-existing structures and (e) by linkage of preexisting hybrid or shear fractures. All these mechanisms lead to the development of two macroscopically visible conjugate sets of shear fractures with progressive deformation.
Contrary to the theory of Zheng et al. (2011) , initial shear fracture orientations with respect to the resolved  1 are highly variable depending on the considered parameters ( Figure 1 , Tables 1-3 ). It is true that the angle for our series (1) is on average 55°. There is, however, a significant spread in the data when individual fractures are considered, and the standard deviation of the mean is 7° (Table 1) . The initial orientations of shear fracture formation angles obtained from the series of experiments (2) and (3) clearly differ from the fixed 55° predicted by the MEM criterion ( Figure 1 ; Tables 2 and 3 ). Average angles for the series (2) are close to 45°, while a wide range of orientations is observed in the series of experiments (3) using different plasticine mixtures series (ranging between 32° and 55°, being <45° for most of the experiments). The variability in initial angles of individual fractures is a consequence of the deformation conditions, material properties, heterogeneity of the anisotropic medium (degree and type of anisotropy) as well as the variable fracture formation mechanisms listed above, among other factors. This strong variability also happens in natural rocks and has been observed in many rock experiments. A variety of explanations for large angles with respect to maximum compression has been proposed in the literature, including the presence of pre-existing planar fabrics (Collettini et al., 2009; Fagereng et al., 2010) , high fluid pressures and dissolution-precipitation creep (Fagereng et al., 2010) , degree of anisotropy (Misra et al., 2009 ), large bulk deformation and fracture rotation towards the extension direction (Mancktelow, 2002; Gomez-Rivas et al., 2007; Scholz, 2007) or reactivation of pre-existing structures (Mancktelow and Pennacchioni, 2005; Pennacchioni and Mancktelow, 2007) , among many other studies. Thus, finding a single criterion that can account for nucleation angles of all shear fractures in ductile anisotropic media is not straightforward.
Some problems and contradictions of applying the MEM criterion to experiments
We proposed in Gomez-Rivas and Griera (2012) that fracture nucleation angles depend on the angle of internal friction, the dilatancy angle as well as the orientation and degree of anisotropy. Additionally, we interpreted the large-fracture formation angles (>45° on average) in Gomez-Rivas and Griera (2012) as a consequence of (a) the low propagation velocities of the existing fractures due to ductile deformation at their tips, which favours their simultaneous rotation while they slowly propagate, and (b) the influence of heterogeneities in the material that affect the orientation of the developed brittle fractures and shear bands. It is important to note that the models presented in Gomez-Rivas and Griera (2012) contained paper flakes statistically oriented parallel to layers, thus creating a strong intrinsic anisotropy that clearly affects macroscopic fracture orientations. On the contrary, shear fractures in the anisotropic experiments of Gomez-Rivas and Griera (2011), which did not contain paper flakes formed at an average angle of 45° from  1 , as predicted by Tresca or Von Mises criteria (e.g. Ramsay, 1980; Twiss and Moores, 1992; Pollard and Fletcher, 2005; Fagereng, 2013) . Additionally, the results of the experiments published in Gomez-Rivas et al. (2015) demonstrate that the type of anisotropy also has a strong influence on fracture orientations. Particularly, only models with a combined composite-intrinsic anisotropy (see Griera et al., 2013 ) result in shear fractures or bands oriented on average at more than 45° from  1 . Therefore, shear-fracture angles are clearly material-dependent. Contrarily to the generally accepted principles of rock mechanics as well as to our experimental observations, the MEM criterion of Zheng et al. (2004 Zheng et al. ( , 2011 Zheng et al. ( , 2012 ) is supposed to be material-independent. An angle of 55° between shear fractures and  1 is inferred as a universal value for ductile fractures for both homogeneous and heterogeneous media, as well as for both isotropic and anisotropic materials. Zheng et al. (2014) contradict themselves in their Figure  4 when they show how the resolved stress field deviates from the imposed deformation axes (i.e. what they call "deformation partition"). This graph shows that this deviation depends on the degree of anisotropy, so it is a material-dependent parameter. They state that our models are a case of "100% deformation partitioning", which would mean for them that all deformation is accommodated by slip along the discrete fracture network. In our experiments, however, most of the deformation is distributed within the material, which deforms by dominant viscous flow and without loss of cohesion. They also propose that the MEM criterion is scale-independent, but it has been demonstrated that that the scale of anisotropy, and therefore its type, has a strong influence on the resulting deformation structures (e.g. see Griera et al., 2011 Griera et al., , 2013 .
Zheng and co-authors state that zones in between shear bands (or lozenges) are nearly strain-free areas. Their assumption that lozenges are strain-free areas and the use of the term "puzzles" assumes that the material behaves rigidly and that fracture orientations do not change. This is against the observations by many authors (e.g., Graham, 1980) . Additionally, Zheng and co-authors assert that the MEM criterion assumes that the fracture angles remain constant with increasing deformation. Our three series of experiments illustrate how conjugate sets of shear fractures do rotate with progressive deformation, as is the case in most analysed natural cases. Moreover, conjugate sets of shear fractures are subjected to different amounts of normal and shear stress when anisotropy is oblique to the deformation axes. This implies that fractures have different chances for slip and propagation according to their orientation, thus determining their evolution. Slip along fractures of one set can potentially be locked depending on their angle with regard to  1 (e.g., Scholz, 2007; Gomez-Rivas and Griera, 2011; Gomez-Rivas et al., 2015) .
Conclusions
The data of the three series of experiments presented in Gomez-Rivas and Griera (2012) , and additional results disused in Gomez-Rivas and and Gomez-Rivas et al. (2015) , clearly indicate that both average and individual fracture formation angles do not fit with the MEM criterion of Zheng et al. (2004 Zheng et al. ( , 2011 Zheng et al. ( , 2012 and its associated implications. The similarity of average angles in the models of Gomez-Rivas and Griera (2012) is a spurious coincidence. Moreover, our three series of experiments demonstrate not only the angles at which fractures form, but also the type of structures (pinch-and-swell, boudinage, layerparallel slip, tension cracks, voids, shear fractures/bands) as well as the statistical properties of fracture networks (density, connectivity and displacement/length relationship) strongly depend on the mechanical properties of the material, the degree and type of anisotropy and the conditions at which the material is deformed (applied strain rate and kinematic vorticity resulting from the orientation of the applied stress field). In conclusion, our experimental results should not be used to support the MEM criterion, since they clearly indicate that there is a strong material dependence on the angle at which shear fractures/bands nucleate in materials that undergo dominant ductile deformation.
